Spontaneous multidrug-resistant (Mdr) mutants of Klebsiella pneumniae strain ECL8 arose at a frequency of 2.2 x to a range of unrelated antibiotics, including chloramphenicol, tetracycline, nalidixic acid, ampicillin, norfloxacin, trimethoprim and puromycin. A chromosomal fragment from one such mutant was cloned, and found to confer an Mdr phenotype on Escherichia coli K12 cells that was essentially identical to that of the K. pneumoniae mutant. Almost complete loss of the OmpF porin in the E. coli transformant, and of the corresponding porin in the K. pneumniae mutant, was observed. The presence of the Mdr mutation in K. pneumoniae or the cloned K. pneumoniae ramA (msistance antibiotic multiple) locus in Em coli also resulted in active efflux of tetracycline, and increased active efflux of chloramphenicol. After transformation of a ramA plasmid into E. coli, expression of chloramphenicol resistance occurred later than expression of resistance to tetracycline, puromycin, trimethoprim and nalidixic acid. The ramA gene was localized and sequenced. It encodes a putative positive transcriptional activator that is weakly related to the Em coli MarA and SoxS proteins. A ramA gene was also found to be present in an Enferobacter cloacae fragment that has previously been shown to confer an Mdr phenotype, and it appears that ramA, rather than the m m A gene identified in that study, is responsible for multidrug resistance. The r0mA gene from the wild-type K. pneumoniae was identical to that of the mutant strain and also conferred an Mdr phenotype on E. coli, indicating that the mutation responsible for Mdr in K. pneumoniae had not been cloned. and showed increased resistance 1
INTRODUCTION
The antibiotic-resistant mutants that arise spontaneously in bacterial populations are generally resistant to only one antibiotic. However, in Klebsiella pnetlmoniae an unusual class of multidrug-resistant mutants (Mdr) which exhibit simultaneous resistance to the structurally unrelated antibiotics nalidixic acid, trimethoprim and chloramphenicol have been isolated by selection with any one of these antibiotics (Williams Smith, 1976 ; Gutmann e t al., 1985) . Similar mutants have also been isolated from Serratia marcescens and Enterobacter species (Dang et al. , 1988; Gutmann et al., 1985; Traub & Kleber, 1977; Cohen et al., 1993b) . Mutants of this class have also been isolated by selection for resistance to B-lactam antibiotics or to fluoroquinolones such as norfloxacin and ciprofloxacin (Sanders e t al., 1984; Then & Angehrn, 1986) . Multidrug-resistant mutants were found to have substantially reduced levels of at least one major outermembrane protein (OMP) (Dang e t al., 1988; Gutmann et al., 1985; Sanders e t al., 1984) , and to exhibit reduced uptake of chloramphenicol (Gutmann et al., 1985) .
Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; DNP, 2,4-dinitrophenol; OMP, outer-membrane protein.
The GenBank accession number for the sequence reported in this paper is U 1 9581.
One of the best-studied examples of multidrug resistance is in Escbericbia coli. Single-step Mar mutants of E. coli selected on the basis of increased resistance to low levels of tetracycline or chloramphenicol also exhibit increased resistance to nalidixic acid, rifampicin, penicillins and cephalosporins (George & Levy, 1983a) . In Mar mutants, resistance to higher levels of these antibiotics can be obtained by subsequent rounds of growth in the presence of incrementally increased amounts of antibiotic (George & Levy, 1983a) . Mar mutants have also been shown to be resistant to fluoroquinolones (Cohen e t al., 1989) , and mutants isolated on the basis of resistance to norfloxacin or ciprofloxacin (NorB, NfxC, CfxB) which exhibit cross resistance to unrelated antibiotics, have also been isolated (Hirai e t a!., 1986; Hooper et al., 1989; Hooper e t al., 1992) . All of these mutants exhibit substantially reduced levels of the outer-membrane porin OmpF (Cohen et al., 198813, 1989; Hooper et al., 1989) . However, loss of OmpF alone cannot account for the increased levels of resistance in Mar mutants, as Mar mutants can be isolated from OmpF-deficient strains (Cohen e t al., 1989 ). An energy-dependent efflux of tetracycline from intact Mar cells has been reported (George & Levy, 1983a) . The energy-dependent accumulation of norfloxacin is also reduced in a Mar mutant ; however, this reduction could not be ascribed to changes in the level of the endogenous norfloxacin efflux system (Cohen e t al., 1989) . Thus, the mechanism of multidrug resistance is not well understood.
In E. coli, a Tn5 insertion at a locus designated marA has been shown to abolish the multidrug resistance phenotype of Mar mutants, and Mar mutants cannot be isolated from E. coli strains carrying this insertion (George & Levy, 1983b) , implying a critical role for marA in eliciting the Mdr phenotype. The marA region of E. coli has been cloned (Hachler et al., 1991 ) and a 7.8 kb DNA fragment was required to restore the ability to form Mar mutants to an E. coli strain with a 39 kb deletion which includes the marA gene. Recently, the sequence of this 7-8 kb region has been reported, and an operon consisting of three ORFs, marR, marA and marB, was identified (Cohen etal., 1993a) . The alterations in several Mar mutants were localized to the marR gene and the mar0 region, which is believed to be recognized by MarR acting as a negative regulator of marRAB transcription. This notion is consistent with the fact that the level of transcripts of the marA region is increased in Mar mutants (Hachler e t al., 1991) . It has also been proposed that MarA is a positive effector of the transcription of other dispersed loci (Cohen et al., 1993a ; Gambino e t a!., 1993), as MarA is related to several known transcriptional activators. The many pleiotropic phenotypes of Mar mutants would then be caused by changes in the level of expression of perhaps many different genes.
Here we report the further characterization of spontaneous Mdr mutants of K. pnemzoniae. A number of the phenotypes of these mutants, including resistance to a range of structurally unrelated antibiotics, the levels of the major OMPs and energy-dependent uptake of tetracycline and of chloramphenicol by wild-type cells and Mdr mutant cells, were examined. A K. pneumoniae locus (designated ramA) that confers an Mdr phenotype in E. coli was cloned from the Mdr mutant and the effects of the ramA fragment on the outer-membrane composition of, and uptake of antibiotics by, E. coli were examined. The gene, ramA, responsible for the Mdr phenotype was localized and sequenced, and the ramA gene from wildtype K. pneumoniae was also recovered and sequenced.
METHODS

Strains and plasmids.
The cell lineage and history of the K. pneumoniae strain ECL8 is described in Forage & Lin (1982) . Briefly, ECL8 is a met Sm' derivative of strain NCIB418 which probably dates from the original collection of Pfeiffer (1 889). ECLS is also resistant to trimethoprim (this study). ECL8 Mdrl is a spontaneous Mdr mutant of ECLS (this study). E. coli strains used were JMlOl (supE thi-lA(lac-proAB) F'[traD36 proAB+ lac19 lacZAM151) (Maniatis et al., 1982) for molecular cloning experiments and AGlOO argE3 thi-1 rpsL xyl mtl supE44 A@al-uvrB) (George & Levy, 1983b) for hybridization.
The multicopy plasmid vector pUCl8 (Yanisch-Perron e t al. , 1985) was used as the cloning vector. pASS20 contains a 1.26 kb fragment that completely includes the marRAB operon from E. coli (A. Seoane & S. Levy, unpublished) . pMAQ43 contains a 3.0 kb fragment of K. pneumoniae chromosomal DNA from ECL8 Mdrl cloned into pUC18, and was constructed as follows. Chromosomal DNA, extracted from ECL8 Mdrl by the method of Silhavy et al. (1984) , was digested to completion with BamHI and ligated to pUC18 cut with the same enzyme. The ligation mixture was transformed into E. coli JMlOl, and recombinants were selected by plating cells onto L agar containing 20 pg ampicillin ml-' and 10 pg chloramphenicol ml-'. Two transformants were obtained, and BamHI digestion of plasmid DNA from these clones revealed that both included two inserted BamHI fragments of 1.0 and 3.0 kb. Plasmids from chloramphenicol-resistant transformants recovered after digestion of one of these recombinants with BamHI, followed by re-ligation, contained only the 3.0 kb BamHI fragment. One of these recombinant plasmids was designated pMAQ43. Subclones of the 3.0 kb fragment were obtained by digestion of pMAQ43 DNA with appropriate restriction enzymes (KpnI for pMAQ98, and XhoI and SalI for pMAQ154), re-ligation and transformation with selection for ampicillin resistance. Transformants were screened for resistance -to chloramPhenico1 and dasmids I I were mapped to confirm the presence of the expected fragments. pAMG8 contains a fragment from K. pneumoniae ECL8 genomic DNA cloned by PCR amplification. Primers were 5'-AAGGA-TCCATGGCCGATCAGGGCGTT-3' and 5'-GCGGATCC- AGACGCTGTGGGCCAGTT-3', corresponding to bases 1927-1944 and 74-95, respectively, in Fig. 5 , with additional bases to create a BamHI site at each end. Amplification was performed according to the proceedure of Innis & Gelfand (1990), using an automated Fast Thermal Sequencer FTS320 (Corbett Research,) and Tfi polymerase (Promega). The amplified fragment was digested with BamHI and cloned into pUC18. A clone with the insert in the same orientation as the fragment in pMAQ43 was designated pAMG8. Media. L broth contained (1-l) : 10 g tryptone, 5 g yeast extract and 10 g NaC1. Minimal M9 medium (pH 7.4) contained: 6 g Na,HPO, l-l, 3 g KH,PO, l-l, 0.5 g NaCl 1-' , 1 g NH,C1 l-l, 2 mM MgSO,, 0. Multidrug resistance in K. pnetlmoniae and E. coli triplicate 0.1 ml aliquots were plated on L agar supplemented with (10 pg chloramphenicol ml-') to determine the number of Mdr cells in the culture. Mutation frequency was calculated using the method of the median (Lea & Coulsen, 1949) . Antibiotic susceptibility testing. Levels of antibiotic resistance were determined by a gradient plate method (Szybalski & Bryson, 1952) in square Petri dishes containing two L agar wedges, the top one of which was supplemented with antibiotic. Logarithmic phase cultures were adjusted to A,,, 0.2, and samples were streaked back and forth along the antibiotic gradient of the plate with cotton-tipped applicator sticks. The level of resistance for each antibiotic was estimated by measuring the limit of confluent growth after incubation for 24 h at 37 OC, and assuming a linear gradient. After initial estimations, accurate results were obtained by testing each strain on linear gradients with a maximum concentration not more than threefold higher than the final reading. Each estimation was duplicated and recorded if the difference between the two readings was less than 10 %.
DNA methods. Restriction endonucleases and T4 DNA ligase were obtained from Promega, and were used according to the manufacturer's specifications. Agarose gel electrophoresis in TAE buffer was performed as described by Maniatis et al. (1982) . Plasmid DNA was isolated from overnight L broth cultures by alkaline lysis (Birnboim & Doly, 1979 ) and, where required, purified by caesium chloride/ethidium bromide density gradient equilibrium centrifugation (Maniatis e t al., 1982) . Preparation of competent cells and plasmid transformation were as described by Maniatis et al. (1982) . For sequencing, DNA fragments were cloned into M13mpl8 and 19 (Yanisch-Perron et al., 1985) . Sequencing was performed using a Sequenase 2.0 kit (USB) with ITP reaction mixtures. The specific primers were 16-mers synthesised with a Pharmacia Gene Assembler Mark 11. The sequence was compiled using the computer program RODENT (Pharmacia) and analysed using CLUSTALV (Higgins etal., 1992) and the GCG package (Devereux et al. , 1984) .
Time of expression.
To test for any lag in expression of various antibiotic resistance phenotypes after transformation of pMAQ43 into E. coli, competent cells of JMlOl were prepared and transformed with pMAQ43. The transformation mixture was diluted tenfold into L broth and aerated at 37 OC. At appropriate time intervals, samples were removed, diluted, and plated onto antibiotic-containing L agar. The selective plates contained antibiotics at the following concentrations : tetracycline (5 pg ml-'), chloramphenicol (10 pg ml-'), ampicillin (25 pg ml-'), trimethoprim (50 pg ml-'), nalidixic acid (5 pg m1-l) or puromycin (100 pg ml-'). Preparation and analysis of OMPs. Bacteria were grown in supplemented M9 medium containing 0.5 YO glucose, and were harvested at late exponential phase. OMPs were prepared according to the method of Inokuchi et al. (1985) . The OMPs were solubilized and separated by the method of Laemmli (1970), using an 8 % (w/v) polyacrylamide gel containing 0.1 % SDS and a discontinuous stacking gel of 3 % polyacrylamide. Electrophoresis was carried out in Tris/glycine buffer at a constant current of 10 mA in the stacking gel and 20 mA in the separating gel. Gels were stained with 0.1 % Coomassie Brilliant Blue (Pharmacia). The order of the E. coli major porins, OmpF, OmpC and OmpA, in the gels was assigned by comparison with OmpF-deficient, sucrose-grown cells (Inokuchi et al., 1985) , and with assignments reported previously (Pugsley & Schnaitman, 1978) . The molecular masses of protein bands were estimated from size standards (Bio-Rad) stained with Coomassie Brilliant Blue.
Antibiotic transport assays. Transport assays were performed essentially as described previously by George & Levy (1983a) and McMurry et al. (1980) . Cells were grown in L broth or supplemented M9 medium to OD,,, 0.648. Cells were collected at 3000g for 10 min at room temperature and were then washed in one culture volume of assay buffer, containing 50 mM KPO, and 1 mM MgSO,, pH 6.6. The pellets were resuspended in assay buffer to OD,,, 40. These cell suspensions were kept at 37 OC for not more than 30 min before being used in uptake assays at the same temperature. Samples of suspended cells were energized with D-glucose or DL-lactate at 20 mM, and de-energized by adding carbonyl cyanide m-chlorophenylhydrazone (CCCP; ICN) to 50 pM or 2,4-dinitrophenol (DNP; Sigma) to 2 mM. Assays were commenced by the addition of [7-,H] tetracycline (0.6 Ci mmol-' ; 222 GBq mmol-' ; DuPont), or ~-threo-[dichloroacetyl-l-~~C]chloramphenicol (55 mCi mmol-'; 2035 MBq mmol-'; Amersham Australia) to 5 pM. Samples (50 p1) were removed at intervals, diluted 100fold in 100 mM KPO;, 100 mM LiC1, pH 6-6, filtered through 0.45 pm pore-size GN-6 Metricel membrane filters (Gelman Sciences), and washed with 5 ml of the same dilution buffer, using a filtration manifold and vacuum pump pressure of 18 p.s.i. (1242 kPa). Filters were dried at 37 OC and counted in a xylene-based scintillant (ACSII, Amersham Australia). Membrane protein was estimated by a modified Lowry method (Markwell et al., 1978) using BSA as a standard. Transport in starved cells. Mid-exponential phase cultures were starved for 4 h in unsupplemented M9 medium but containing 5 mM DNP, as described by Berger & Heppel (1974) . The assay procedure was essentially as described (McMurry etal., 1987; Park & Levy, 1988) . Briefly, starved cells were washed four times with M9 medium and suspended in assay buffer to a final OD,,, 4.0. Cell suspensions were incubated at 37 O C for 30 min before adding [3H]-tetracycline or ["C]chloramphenicol to 5 pM. After a 20 min equilibration period, 0.25% glucose was added as an energy source. Samples were removed and filtered and counted as described above. Southern hybridization. Chromosomal DNA from E. coli AGlOO and K. pneumoniae ECL8 Mdrl was isolated as described by Maniatis et a/. (1982) . The DNA from each strain was digested overnight at 37 OC with either BamHI or PstI, resolved by electrophoresis in an agarose gel, then transferred to Hybond (N' ) nylon membrane (Amersham) using a vacuum blotting apparatus (Pharmacia-LKB). The marRAB probe was the 1.24 kb PstI fragment from pASS2O (generously provided by S. B. Levy), and the ramA probe was the 3.0 kbp BamHI fragment from pMAQ43 (this study). After electrophoretic separation of the restricted plasmid DNAs in an agarose gel, the probe fragments were recovered using Gene Clean (Bio 101). Probe labelling, hybridization and chemiluminescent detection of complementary DNA on X-ray film (H yperfilm-ECL, Amersham), were done with an ECL gene detection kit (Amersham) as recommended by the manufacturer. Hybridization conditions were as described for homologous or nearhomologous probes (42 "C, 0.5 M NaCl), using both low and high stringency washes on duplicate nylon membranes.
RESULTS
Isolation and characterization of K. pneumoniae Mdr mutants
In previous studies with K. pneumoniae strain ECL8 and other strains of the same lineage, it was noted that spontaneous mutants arose that exhibited a multidrug resistance phenotype (R. G. Forage, unpublished obser- * Measured by the limit of confluent growth on antibiotic gradient plates. Resistances represent the average of two determinations which differed by less than 10 % .
vations). To investigate this phenomenon, cells from an overnight culture of ECL8 grown without antibiotic selection were spread onto L agar plates containing either 20 pg chloramphenicol ml-' or 20 pg nalidixic acid ml-'. One hundred colonies from each set of selection plates were tested for cross-resistance to chloramphenicol and nalidixic acid. All 100 colonies selected on chloramphenicol plates were also resistant to nalidixic acid, but of the 100 colonies selected on nalidixic acid plates, only 84 were cross-resistant to chloramphenicol. The remaining nalidixic acid-resistant mutants were presumed mostly to have mutations in the DNA gyrase gene and were not analysed further. The mutation frequency to an Mdr phenotype, estimated using selection for chloramphenicol resistance was 2.2 x lo-'. One of the resistant colonies, selected with chloramphenicol, was purified, and this strain was designated ECL8 Mdrl.
Mutants of Klebsiella selected in the presence of a single antibiotic (nalidixic acid, chloramphenicol or trimethoprim), which exhibit simultaneous resistance to all three antibiotics, have been reported previously (Williams Smith, 1976; Gutmann e t al., 1985) . In previous studies, the mutants were also shown to exhibit resistance to tetracycline (Williams Smith, 1976) , and to ampicillin and carbenicillin (Gutmann et al., 1985) . The level of resistance for ECL8 Mdrl and its parent ECL8 was determined for a range of antibiotics using a gradient plate method (Table  1) . As the parent strain used in this study is resistant to high levels of trimethoprim, it was not possible to determine if the level of resistance to this antibiotic was increased in ECL8 Mdrl . ECL8 Mdrl exhibits significant levels of resistance to many structurally unrelated antibiotics, namely tetracycline, chlortetracycline, chloramphenicol, puromycin, ampicillin, cephalothin, ceftazidime, puromycin, rifampicin, nalidixic acid and norfloxacin. The most dramatic increase was observed with puromycin. There was no increase in the level of kanamycin resistance.
Cloning of a K. pneumoniae Mdr determinant
A 3.0 kb BamHI fragment which conferred an Mdr phenotype in E. coli was isolated from genomic DNA derived from K. pneumoniae ECL8 Mdrl. A recombinant plasmid containing this fragment was designated pMAQ43 and the locus was designated ramA (resistance antibiotic multiple). The antibiotic resistance levels were determined for E. coli strains JMlOl and JMlOl(pMAQ43) and are shown in Table 1 . E. coli cells harbouring pMAQ43 were resistant to the same antibiotics as ECL8 Mdrl, and the levels of resistance were also similar. In E. coli, the ramA locus also confers resistance to trimethoprim (Table 1) . As the pUC18 vector confers ampicillin resistance it was not possible to test this phenotype.
Lag in expression of the chloramphenicol resistance phenotype
In the course of the above work it was observed that selection of transformants containing pMAQ43 was significantly less efficient with chloramphenicol than with nalidixic acid, despite the fact that all transformants recovered were resistant to both antibiotics. The possibility that chloramphenicol resistance was expressed later than nalidixic acid resistance was therefore investigated. pMAQ43 was transformed into JM101, and the number of transformants recovered after different periods of expression was measured for ampicillin resistance (determined by the vector), and for tetracycline, puromycin, * 100 pl aliquots from the same transformation mixture were spread over two plates of each type. trimethoprim, nalidixic acid and chloramphenicol resistances (all determined by the ramA locus). The results are shown in Table 2 . The time-course of expression of ampicillin resistance was identical to that for resistance to tetracycline, puromycin, trimethoprim and nalidixic acid. However, the expression of chloramphenicol resistance was delayed by about 2 h, suggesting that the expression of resistance to chloramphenicol may be different from that of resistance to the other antibiotics.
Effects on the levels of OMPs
In a previous study (Gutmann e t al., 1985) , a 10-fold decrease in the amount of the largest major OMP (41 kDa) was observed in a K. pneumoniae Mdr mutant. A similar effect was observed when the outer membrane compositions of ECL8 Mdrl and ECLS were compared (Fig.  1, lanes 3 and 4) . The largest porin in ECLS is almost completely absent from ECL8 Mdrl. In E. coli, the presence of pMAQ43 caused a substantial reduction in the level of the OmpF porin (Fig. 1, lanes 1 and 2) . It is possible that the OMP that is affected in K. pneumoniae is equivalent to OmpF.
Efflux of tetracycline and chloramphenicol in K. pneumoniae and E. cob
Gutmann e t al.
(1 985) showed that chloramphenicol uptake was reduced in a K. pneumoniae Mdr mutant. Energy-dependent accumulation of tetracycline and chloramphenicol by susceptible and by resistant K.
pneumoniae cells was therefore examined. Active uptake of tetracycline in susceptible cells of K. pneumoniae (ECL8) was observed ( Fig. 2a ). That uptake is energy-dependent is demonstrated by the finding that uptake was reversed in the presence of the uncouplers DNP ( Fig. 2a ) or CCCP (not shown), which are known to collapse the proton motive force across bacterial membranes (Rosen & Kashket, 1978) . In contrast, ECL8 Mdrl cells exhibited an energy-dependent reduced uptake of tetracycline ( Fig.  2a ). When cells were first depleted of endogenous energy (see Methods), and subsequently incubated in assay buffer containing [3H]tetracycline, the accumulated tetracycline reached steady-state levels in both susceptible and resistant cells after 20 min. On addition of exogenous glucose, active uptake of tetracycline was observed with ECL8 susceptible cells, whereas with ECL8 Mdrl cells active efflux occurred (Fig. 2b) . These results confirmed that the reduced accumulation of tetracycline seen in Mdr cells ( Fig. 2a ) is due to efflux of the drug. E. coli cells also exhibited active uptake of tetracycline ( Fig. 2c, d) as has been reported previously (George & Levy, 1983a) . When pMAQ43 was present in E. coli, active efflux of tetracycline was observed ( Fig. 2c, d) .
With chloramphenicol, a DNP-sensitive energy-dependent reduced accumulation of drug was observed in susceptible cells of both K. pneumoniae and E. coli (Fig. 3a,  c) , and following the addition of exogenous glucose to starved cells, active efflux of chloramphenicol occurred (Fig. 3b, d ). An energy-dependent efflux of chloramphenicol was also observed in ECL8 Mdrl (Fig. 3b ) and in JMlOl(pMAQ43) (Fig. 3d ), but the extent of efflux was greater than that of susceptible cells. These data indicate that an endogenous efflux system for chloramphenicol is present in susceptible K. pneumoniae and E. coli, and that a stronger efflux of the drug occurs in resistant cells. This finding is in contrast to an earlier report of energydependent increased uptake of chloramphenicol in susceptible E. coli cells (Abdel-Sayed, 1987) , and the reason for this difference is not clear. However, chloramphenicol efflux in susceptible E. coli cells has recently been reported (McMurry e t al., 1994) .
The transport studies shown in Figs 2 and 3 were also repeated using L broth as medium for both the growth and the assay of cells. The results were essentially the same (data not shown), except that the extent of the efflux for both tetracycline and chloramphenicol in Mdr cells was greater than that seen using minimal medium for growth, and potassium phosphate buffer for the transport assays.
Characterization of the ramA gene
Wu & Weiss, 1991) have previously been found to be related to the N-terminal region of a family of proteins that includes known transcriptional activators such as AraC (Ramos e t al., 1990) . MarA, SoxS and RamA have similar lengths and a potential helix-turn-helix DNAbinding domain found near the N-terminus of SoxS and
The 3-0 kb BamHI K. ptzeumotziae fragment present in pMAQ43 was mapped ( Fig. 4 ) and the region responsible for conferring the Mdr phenotype was shown to be present in both a 1.95 kb KpnI-BamHI fragment and a 1.9 kb BamHI-XhoI fragment, indicating that the ramA gene is located within the 0.9 kb KpnI-XhoI fragment. The complete sequence of the 1.95 kb KpnI-BamHI fragment was determined ( Fig. 5 ) and the only ORF that is completely included between the KpnI and XhoI sites was identified as the ramA gene. This ORF encodes a polypeptide of 113 amino acids with a predicted molecular mass of 13490 kDa. The RamA polypeptide is related to 1991; Cohen et al., 1993a; GamLbino et al., 1993) is also present in RamA (Fig. 6) . One further member of this family is PqrA, which was recently identified in a fragment cloned from a multidrug-resistant isolate of Proteus uulgaris (Ishida e t al., 1995) . The similarity to known transcriptional activators, suggests that RamA may elicit the pleiotropic Mdr phenotype by activating the expression of dispersed loci, as is believed to be the case for the MarA protein (Cohen e t al., 1993a; Gambino et al., 1993) and SoxS protein (Amabile-Cuevas & Demple, 1991; Wu & Weiss, 1991 ; Miller etal., 1994) . However, the ramA, soxS and marA sequences are not significantly related. several other proteins (Fig. 6) iniludh; the E. coli MarA and SoxS proteins. MarA (Cohen et al., 1993a ; Gambino e t al., 1993) and SoxS (Amabile-Cuevas & Demple, 1991 ;
By analogy with the Mar system of E. coli, where Mar mutants contain mutations located in the marR gene or the mar0 region (Cohen et al., 1993a) , but the wild-type IP: 54.70.40.11
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Multidrug resistance in K. pneumoniae and E. coli marA gene cloned in a multicopy plasmid confers a Mar phenotype (Gambino e t al., 1993) , it seemed possible that the cloned ramA gene did not contain the mutation responsible for the Mdr phenotype of the mutant ECL8 Mdrl from which it was cloned. To examine this possibility, the bulk of the K. pneumoniae 1.95 kb KpnI-BamHI fragment was isolated from ECL8 by PCR amplification and cloned into pUC18. In E. cola', the resulting plasmid pAMG8 conferred an Mdr phenotype and MICs, determined by the gradient plate method, were 25 pg chloramphenicol ml-', 8 pg tetracycline ml-' ; 60 pg trimethoprim ml-'. The sequence of the ramA region from ECL8 was determined and is identical to that shown in Fig. 5 (bases 400-900) , confirming that the mutation in ECL8 Mdrl had not been cloned.
Relationship of the Klebsiella ramA and Enterobacter romA genes
The cloning of a 2.2 kb EcoRI Enterobacter cloacae fragment, which confers on E. coli a multiple antibiotic resistance phenotype similar to that conferred by ramA, has been reported (Komatsu et al., 1990) . The presence of this fragment also caused a reduction in the level of a major OMP in Enterobacter, and of OmpF in E. coli, as well as the production of at least two new OMPs in E. coli (Komatsu et al., 1990) . The fragment has been sequenced and the romA gene, which encodes a 368 amino acid putative OMP, was identified as the gene responsible for the Mdr phenotype (Komatsu e t al., 1990) . No similarity between the ram4 sequence and the romA gene was detected in searches of sequences in the DNA databases. However, as the phenotypes conferred by the K. pneumoniae ramA-containing fragment and the Ent. cloacae romA-containing fragment are similar, we examined this question in more detail and found that the romA sequence is not present in the databases.
When the two DNA sequences were compared, a close relationship (80 % identity) between bases 1-840 in Fig. 5 , which completely includes the ramA gene, and bases 1262-2105 in the romA-containing fragment was found. However, the Ent. cloacae homologue of the ramA gene is not the romA gene identified in the original study of Komatsu et al. (1990) but a gene located downstream of rumA (Fig. 4) and here designated ramA(E). The Cterminal region of a homologue of the rumA is present upstream of the Klebsiella ramA gene (see Figs 4 and 5) but due to differences between the two sequences that introduce frame-shifts, the predicted Klebsiella and Enterubacter RomA sequences differ from the position marked (+) in Fig. 5 . Immediately downstream of ramA, the Klebsiella and Enterubacter sequences diverge and thus no further ORFs are common to both sequences. The fact that the complete rumA gene is not present in pMAQ98 which confers an Mdr phenotype, indicates that the K. pnet/muniae rumA gene is not responsible for Mdr and it is therefore likely that the ramA(E) gene rather than rumA is responsible for the Mdr phenotype conferred by the cloned 2.2 kb Enterubacter fragment.
DISCUSSION
K. pnetlmuniae mutants, isolated on the basis of resistance to chloramphenicol or nalidixic acid, were found to exhibit cross-resistance to a wide range of antibiotics including tetracycline, penicillins and cephalosporins, nalidixic acid, norfloxacin and puromycin. A reduced level of one of the major OMPs was also observed, and these Mdr mutants are clearly of the same class as those isolated in previous studies (Williams Smith, 1976 ; Gutmann et al., 1985) . However, the spontaneous Mdr mutants of K. pnetlmuniae exhibit substantially higher antibiotic resistance than the levels of resistance in onestep spontaneous Mar mutants of E. culi (George & Levy, 1983a) . For this reason Mdr mutants of K. pnetlmuniae are important in the clinical context, and they are also important in the veterinary context since Mdr mutants have been isolated from chickens after treatment with either trimethoprim or chloramphenicol (Williams Smith, 1976) . We have extended the characterization of these mutants by examining the energy-dependent transport of tetracycline and chloramphenicol in whole cells. Whereas energy-dependent accumulation of tetracycline occurred in wild-type cells, the Mdrl mutant exhibited active efflux of tetracycline similar to that observed with E. culi Mar mutants (George & Levy, 1983a) . In the case of chloramphenicol, energy-dependent reduced uptake was observed in both wild-type and mutant cells, but the reduction in uptake was greater for the Mdr mutant. These effects are also similar to those observed recently in susceptible E. culi cells and in Mar mutants (McMurry e t al., 1994) . The transport of antibiotics into cells requires that they cross both the outer and the inner membrane and a role for the outer membrane in determining the level of uptake of, and thus resistance to, several antibiotics has been demonstrated (Nikaido, 1989) . Though the reduction in the level of one of the major outer membrane porins (OmpF in E. culz] is the most obvious phenotype of both Mar and Klebsiella Mdr mutants, loss of OmpF alone cannot account for the Mdr phenotype, as Mar mutants can be isolated from E. culi mutants deficient in the production of OmpF (Cohen e t al., 1989) . Inner-membrane proteins also play a role in determining the levels of resistance to antibiotics, and active efflux of antibiotics is being increasingly recognized as a mechanism of resistance to antimicrobial agents (Levy, 1992) . In E. culi, several intrinsic efflux systems which export tetracycline (McMurry e t al., 1983) , norfloxacin (Cohen e t al., 1988a) , ethidium bromide (Lambert & Le Pecq, 1984) and chloramphenicol (McMurry e t al., 1994;  this study) have been recognized. It is possible that the interactions which determine the composition of the outer and the inner membranes are complex, and that changes in the uptake of antibiotics observed in Mdr mutants are caused by a series of changes in both the inner and the outer membrane composition. Our finding that the expression of resistance to chloramphenicol lags behind expression of resistance to other antibiotics when the r a m A locus is introduced into susceptible E. culi cells suggests that resistance to chloramphenicol may require events different or secondary to those required for the expression of resistance to the other antibiotics.
Because of the similarities in the phenotypes of Mdr mutants of K. pnetlmuniae and Mar mutants of E. culi, it is tempting to speculate that these two classes of mutants are equivalent. Indeed, evidence that the mar locus is widely spread among the enteric bacteria has been reported (Cohen e t al., 1993b) . Hybridization with an E. culi marRAB probe was detected in Southern blots of DNA from Klebsiella u q t u c a and Ent. cloacae under high stringency conditions, and it was concluded that homologues of the mar operon exist in these organisms (Cohen et al., 1993b) . However, in the present study, only weak hybridization was observed in digests of K. pnemmniae DNA using an equivalent probe (data not shown). A IP: 54.70.40.11
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. XhoI . 1.24 kb probe containing the E. coli marRAB genes hybridized to the expected 16 kb BamHI and 9 kb PstI fragment of E. coli (AG100) DNA (Hachler et al., 1991) , and also gave weak hybridization signals with single bands in BamHI and PstI digests of ECL8 Mdrl DNA, indicating that there may be mar-like sequences in K. pneumoniae as suggested in the study of Cohen e t al.
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(1993b). However, when we compared the sequences of several pairs of genes, for which both E. coli and K. pnet/moniae sequences are available, less than 70% DNA identity was found: thus, it might not be expected that a mar region homologue in K. pneumoniae would necessarily be detected using an E. coli probe, particularly under stringent conditions. It remains to be unequivocally established if the mar region is in fact present in the K. pneumoniae genome and, if so, whether it is also the Dayhoff et a/., 1978) . The helix-turn-helix region (overlined) was predicted according to Dodd & Egan (1987) .
location of the mutations in the Mdr mutants studied here.
A DNA fragment from the K. pneumoniae Mdrl mutant conferred on E. coli multiple-antibiotic resistance and other phenotypes (a substantial reduction in the level of OmpF, and changes in the energy-dependent uptake of tetracycline and chloramphenicol) essentially identical to those observed in the K. pneumoniae Mdrl mutant.
However, the region cloned in this study does not contain the putative Klebsiella equivalent of the marRAB region of E. coli, as the 3.0 kb BamHI cloned fragment was not detected by hybridization of the marRAB probe to K. pnezlmoniae DNA or to pMAQ43 (data not shown). Furthermore, the sequence of the polypeptide predicted from the ramA gene was only about 40 % identical to the MarA protein and the sequences of the corresponding genes are not significantly related. Though the effects of the cloned Klebsiella ramA gene are similar to those of the E. coli marA gene cloned in a multicopy vector (Gambino et al., 1993) , the fact that the sequences of the RamA and MarA proteins are not closely related precludes the immediate conclusion that RamA can directly substitute for MarA and induce expression of the same set of genes. Intriguingly, it has recently been found that the cloned E. coli sox3 gene also confers a Mar phenotype on E. coli (Miller e t al., 1994) , even though SoxS and MarA share limited sequence identity (39%). In this case other evidence suggests that both MarA and SoxS can regulate the expression of a common set of genes. Certain of the soxRS-regulated oxidative stress genes of E. coli are also activated by mutations (soxQ) in the mar region (Greenberg e t al., 1991), and saxQ mutations have recently been shown to be located in the marR gene (Ariza et al., 1994) . However, the RamA protein is not closely related to SoxS (44 Yo identity) and is thus also unlikely to be the K. pnetrmoniae SoxS equivalent. Nonetheless, it is possible that this set of transcriptional activators (MarA, SoxS and RamA) can each recognize the same or closely related regulatory signals in the DNA and can activate some or all of a single set of co-regulated genes. Expression of each of these transcriptional activators might be affected by different environmental signals. An alternative possibility is that the presence of the E. coli sox5 gene or the K. pneumoniae ramA gene in E. coli indirectly induces the expression of MarA-regulated genes by causing the mar operon to be expressed. Indeed, elevated levels of the marRAB transcript were observed in E. coli containing a plasmid carrying the soxS gene (Miller e t al., 1994) . Thus, the possibility that the mar operon plays a role in the expression of the many pleiotropic phenotypes caused by the introduction of ramA into E. coli warrants further investigation. In this study the 2.2 kb EcoRI Ent. cloacae fragment (Komatsu e t al., 1990 (Komatsu e t al., , 1991 , which confers on E. coli a multiple-antibiotic resistance phenotype similar to that conferred by ramA and also causes a reduction in the level of OmpF, was found to contain a gene that is closely related to the K. pneumoniae ramA gene. Previously the romA gene, which encodes a 368 amino acid putative OMP (Komatsu e t al., 1990) , was identified as being responsible for the Mdr phenotype. However, this conclusion is unlikely to be correct. Though the romA gene is also present upstream of ramA in K. pneumoniae, the complete romA gene is not present in pMAQ98 which confers an Mdr phenotype. The Enterobacter romA-ramA fragment was cloned from a strain which exhibited resistance only to B-lactam antibiotics, and it also confers an Mdr phenotype when introduced into this strain (Komatsu e t al., 1990) . The cloned fragment is thus likely to contain the wild-type allele of the active gene, and the Mdr phenotype conferred by the cloned gene may result from over-expression of the gene due to its presence on a multicopy plasmid as is believed to be the case for the cloned marA gene (Gambino e t al., 1993). Though the K. pnezlmoniae ramA gene cloned in the present study was derived from an Mdr mutant, the mutation responsible for the Mdr phenotype does not appear to be within the ramA gene, as ramA cloned from the antibiotic-sensitive parental strain has the same sequence and confers an Mdr phenotype in E. coli. It is also likely that the recently reported pqrA gene cloned from Proteus vzllgaris does not include the original Mdr mutation (Ishida e t al., 1995) . In E. coli, the mutations found in Mar strains are located within the mar0 or marR regions, and MarR is believed to interact with mar0 to regulate the expression of the marA gene (Cohen e t al., 1993a) . The cloned fragment that confers a Mar phenotype contains only the marA gene, presumably resulting in constitutive expression of marA (Gambino e t al., 1993) . Likewise, expression of the soxS gene is likely to be regulated by the adjacent divergently transcribed soxR gene, and a Mar mutant with a mutation that maps in this region is presumed to be a mutation in soxR that leads to constitutive expression of soxS (Miller et al., 1994) . If this analogy holds in K. pneumoniae, then it might be predicted that expression of RamA would also be regulated and that the mutations responsible for Mdr could disrupt this regulatory system. The effects of the cloned ramA gene may then be due to the constitutive expression of ramA from the vector promoter.
